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Oxygenic photosynthesis is the principal energy converter on
earth. It is driven by photosystems I and II, two large protein±
cofactor complexes located in the thylakoid membrane and acting
in series. In photosystem II, water is oxidized; this event provides
the overall process with the necessary electrons and protons, and
the atmosphere with oxygen. To date, structural information on
the architecture of the complex has been provided by electron
microscopy of intact, active photosystem II at 15±30 AÊ resolution1,
and by electron crystallography on two-dimensional crystals of
D1-D2-CP47 photosystem II fragments without water oxidizing
activity at 8 AÊ resolution2. Here we describe the X-ray structure of

photosystem II on the basis of crystals fully active in water
oxidation3. The structure shows how protein subunits and cofac-
tors are spatially organized. The larger subunits are assigned and
the locations and orientations of the cofactors are de®ned. We also
provide new information on the position, size and shape of the
manganese cluster, which catalyzes water oxidation.

Conversion of light to chemical energy at photosystem II (PSII) is
associated with charge separation across the thylakoid membrane
(for review see ref. 4). It is initiated by ejection of an electron from
the excited primary donor P680, a chlorophyll a located towards the
luminal side of the membrane at the heart of the PSII reaction centre
that is formed by protein subunits D1 and D2. When the cationic
radical P680

X+ is formed, the electron moves by means of a
pheophytin to the electron stabilizing acceptor QA, a plastoquinone
that is tightly bound at the stromal side of subunit D2. After each of
four successive charge separating steps that are light induced, P680

X+

abstracts one electron from a manganese cluster (generally assumed
to contain four manganese ions) by means of the redox-active
tyrosine residue TyrZ. In turn, the four positive charges accumulated
in the manganese cluster oxidize two water molecules, coupled with
the release of one O2 and four H+. In the ®rst two charge separations,
Q

X

A doubly reduces one mobile molecule QB docked to the binding
site B on D1. After uptake of two protons, QBH2 is released into the
plastoquinone pool that is embedded in the membrane, and
replaced by a new QB from the pool for another round of reduction
and release.

We isolated PSII from the thermophilic cyanobacterium
Synechococcus elongatus in the form of homodimers as shown by
electron microscopy (E. J. Boekema, unpublished observations).
With these preparations, three-dimensional crystals were grown5

that are suitable for X-ray analysis (see Methods). According to
SDS±polyacrylamide gel electrophoresis and mass-spectrometry
(MALDI-TOF) (data not shown), this PSII is composed of at least
17 subunits6 of which 14 are located within the photosynthetic
membrane: the reaction centre proteins D1 (PsbA) and D2 (PsbD);
the chlorophyll-containing inner-antenna subunits CP43 (PsbC)
and CP47 (PsbB); a- and b-subunits of cytochrome b-559 (PsbE
and PsbF); and the smaller subunits PsbH, PsbI, PsbJ, PsbK, PsbL,
PsbM, PsbN and PsbX. The membrane-extrinsic cytochrome c-550
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Figure 1 Electron densities of PSII after density modi®cation and their interpretation.

a, Surface of PSII homodimer drawn from the averaging mask generated during density

modi®cation. View direction along the membrane plane; the position of local-C2 rotation

axis, is shown. b, Cytochrome (Cyt) b-559 heterodimer with electron densities contoured

at 1.2 s (r.m.s. deviation above the mean electron density) for protein and haem group,

and at 4.0 s for Fe2+. The termini of the a-helices are labelled N, C for the a-subunit, and

N9, C9 for the b-subunit. c, Head groups of P680 chlorophyll (Chl) a PD1 and PD2 with view

perpendicular to their planes. Mg2+ are depicted as red spheres. d, Head group of

pheophytin PheoD1.
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(PsbV), the protein with a relative molecular mass of 12,000 (Mr

12K) (PsbU) and the manganese-stabilizing 33K protein (PsbO) are
located at the luminal side of PSII (ref. 6).

In the crystal structure, PSII occurs as a homodimer with the
longest dimensions of the membrane integral part 190 AÊ ´ 100 AÊ

(Fig. 1a). This part is 40 AÊ thick and extends from the stromal side of
the membrane by no more than 10 AÊ . The luminal side of each
monomer has prominent protrusions up to 55 AÊ above the mem-
brane. The two monomers in the dimer are related by a local-C2
rotation axis orientated perpendicular to the membrane plane..

In the electron density (see Methods), we used four prominent
maxima as landmarks for positioning of the individual subunits; the
three smaller maxima were assigned to iron and one more extended
to the manganese cluster (Fig. 2a, b, arrows). Secondary structure
elements, such as a-helices and b-sheets as well as cofactors, have
been modelled into the electron density map using Ca traces and
porphyrin molecules. We used porphyrin molecules because the
orientation in space of the tetrapyrrole planes of the chlorophyll a
molecules, pheophytins and haems is well de®ned in the electron
density map, whereas the orientations within the planes are arbi-
trary at this level of resolution. Representative electron densities are
shown in Fig. 1b±d.

The membrane integral part of the PSII monomer de®nes the
membrane plane, which is parallel to the paper plane in Fig. 2a. It is
characterized by a ®eld of 36 transmembrane a-helices. Twenty-two
of these, assigned to D1, D2, CP43 and CP47, are arranged with a
local pseudo-two-fold rotation symmetry. The corresponding sym-
metry axis, named pseudo-C2 axis, is orientated parallel to the
local-C2 axis and passes through the centre of the ®eld of a-helices
and through the non-haem iron located at the stromal side of the
membrane (Fig. 3a).

Two groups of ®ve transmembrane a-helices each are arranged in
two semicircles interlocked in a handshake motif and related by
the pseudo-C2 axis. They have been assigned to a-helices A±E of
D1 and D2, respectively, with a-helices C and D connected in each
of the subunits by a long a-helix CD on the luminal side; the short
a-helix DE located on the stromal side connects a-helices D and E,
as proposed for PSII (refs 7, 8). Subunits D1 and D2 are clearly
distinguished from each other by the position of the manganese
cluster, which is coordinated by D1 (ref. 6). This assignment is
supported by the location of the QA binding site at D2 (refs 6±8)
(see below).

The arrangement of a-helices of D1 and D2 resembles that of
subunits L and M in the purple bacterial reaction centre (PbRC)9

and the ®ve carboxy-terminal helices of PsaA and PsaB in photo-
system I (PSI) (ref. 10). This supports the hypothesis of the
evolution of all photosynthetic reaction centres from one
common ancestor2,10. Crosslinking studies have shown that the
homologous inner-antenna subunits CP43 and CP47 ¯ank both
sides of the complex D1/D2/Cyt b-559 (ref. 11). As D1 and CP43 are
crosslinked by acceptor-side photoinhibition of PSII (ref. 12), CP43
and CP47 could be assigned. Both consist of six transmembrane
a-helices arranged as a trimer of dimers related by the pseudo-C2
axis and coordinating the antenna chlorophyll a (see Fig. 2a). They
are of similar structure to the six amino-terminal transmembrane
a-helices of PsaA and PsaB in PSI (refs 2, 10). The arrangement of
transmembrane helices as well as the assignment of the subunits D1,
D2 and CP47 corresponds to the structural model provided by
electron cryo-crystallography at 8 AÊ resolution of a PSII
fragment2,13.

One cytochrome b-559 has been identi®ed in the electron density
by virtue of its haeme Fe2+; it is found in the same position as
proposed in ref. 13. The two subunits a and b, each forming a
single transmembrane a-helix, can be distinguished because the C-
terminus of the longer a-subunit extends far into the lumen
(Fig. 1b). We con®rmed the presence of only one cytochrome b-
559 per reaction centre by spectroscopic analysis of fresh PSII
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preparations and of redissolved PSII crystals (data not shown). The
controversial issue of one or two cytochrome b-559 per reaction
centre present in PSII is, however, still unresolved, as this may
depend on the preparation and/or organism6.

Crosslinking studies indicate that PsbI and PsbX are close to D2
and cytochrome b-559 (refs 14, 15); our electron density shows two
transmembrane a-helices in this location (Fig. 2a). They could be
distinguished with reference to the two-dimensional crystal struc-
ture of the D1-D2-CP47 PSII fragment2,13, as it contains PsbI (and
no PsbX). One unassigned a-helix2 is in a position close to CP47
and D2, and was consequently assigned as PsbI (see Fig. 2a).

PsbH, PsbK and PsbL have been implicated in the stabilization of
the PSII dimer16,17. They were tentatively assigned to a three-helix
bundle close to the local-C2 axis (Fig. 2a). In the present model, one
of these three transmembrane helices is only about 13 AÊ apart from
QA and could correspond to PsbH, which is supposed to in¯uence
the electron transport between QA and QB (ref. 18). Seven addi-
tional transmembrane a-helices have been found in the electron
density map (Fig. 2a, b, grey a-helices) but could not be assigned.

At the luminal side of the electron density, two of the three
extrinsic subunits (cytochrome c-550, 33K and 12K proteins) could
be located unambiguously (Fig. 2b). The position of cytochrome
c-550 is indicated by its haem iron, surrounded by three tubular
structures. These helped to model part of the sequentially homo-
logous horse heart cytochrome c (Protein Data Bank accession
number 1HRC into the electron density. A roughly 35 AÊ long,
cylindrical arrangement characterized by b-strands with uncertain
connectivities has been assigned to the 33K subunit (PsbO), in
agreement with Fourier transform infrared data19. The modelled
cylindrical structure of PsbO is tilted against the membrane by 458
and corresponds to about half of the molecular mass of this subunit.
The expected extrinsic 12K subunit could not yet be located because
of the high amount of non-assigned secondary structure elements
belonging either to loop regions of membrane intrinsic subunits
(especially the long luminal loops of CP43 and CP47) or to the
remaining parts of subunit PsbO or PsbV.

The internal-antenna subunits CP43 and CP47 (Fig. 2a) contain
12 and 14 chlorophyll a, respectively, located in the open space
between the three helix dimers, similar to that found for CP47
(ref. 2). The number of chlorophyll a molecules found here (26) is
close to the lower limit of the range (25±50)20. The chlorophyll a
molecules in each subunit occupy two layers close to the stromal
and the luminal sides of the membrane, respectively (data not
shown), which is consistent with the observation that most of the
conserved histidines (12 in CP43 and 8 in CP47) are also located
towards the stromal and luminal ends of the respective transmem-
brane helices6. Within the two antenna systems the centre-to-centre
distances between pairs of nearest chlorophylls are in the range 8.5±
13.5 AÊ .

The cofactors of the electron transfer chain form two branches
organized symmetrically along the pseudo-C2 axis (Fig. 3a, b). They
were assigned to the D1 and D2 proteins by analogy with the
arrangement of a-helices in L/M subunits of the PbRC. Towards the
luminal side, two chlorophyll a molecules PD1 and PD2 (see Fig. 1c
for electron density) are observed with a Mg±Mg distance of 10 AÊ

(roughly 11 AÊ was assessed in ref. 2). Figure 3b shows that the head
groups are parallel (with 5AÊ interplanar distance) and arranged
perpendicular to the membrane plane. They possibly represent
P680. Owing to the large separation of these two chlorophyll
molecules, excitonic coupling is weak and they can be regarded as
monomeric chlorophyll molecules, suggesting that the unpaired
electron in P680

X+ is located on one of them.
Towards the stromal side, two spectroscopically unidenti®ed

chlorophyll a molecules (ChlD1 and ChlD2) are located at 9.8 and
10.0 AÊ , respectively, apart from PD1 and PD2. Their planes are tilted
roughly 308 against the membrane plane, which is analogous to the
accessory bacteriochlorophylls in PbRC. They are followed by two

pheophytin molecules PheoD1 and PheoD2 (Fig. 3a). The site of
tightly bound QA is at 12.0 AÊ from PheoD1 and occupied by a
plastoquinone, the centre of its ring being at a distance of 10.5 AÊ

from the non-haem iron. The distances between P680
X+ and Q

X

A,
determined by electron paramagnetic resonance21 (27.4 6 0.3 AÊ ),
are in agreement with the structural model (PD2 - QA: 28 6 1 AÊ ; PD1

- QA: 26 6 1 AÊ ). The putative binding site for the mobile QB is
unoccupied, indicating that this plastoquinone probably disso-
ciated during preparation. P680

X+ is probably located on PD1,
which is close to TyrZ, as this acts as an immediate electron donor
to the cationic radical4.

Two extra chlorophyll a molecules were assigned to the spectro-
scopically identi®ed species ChlzD1 and ChlzD2, shown to be
coordinated to His 118 in D1 and His 117 in D2 (refs 22, 23).
They are 30.2 and 30.4 AÊ apart from PD1 and PD2, respectively.
Owing to the large separation of CP43 and CP47 from the central
cofactors PD1 and PD2 of P680, a possible route for the exciton
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transfer from the antenna systems to the primary donor P680 may
include the combinations ChlzD1/ChlD1 and ChlzD2/ChlD2. As the
nearest chlorophyll a of each antenna system in CP43 and CP47 is
positioned about 21 AÊ apart from the respective pheophytin of the
electron transfer chain (Fig. 3b), pheophytins may also be involved
in exciton transfer.

The pseudo-C2 symmetry of the cofactor arrangement is broken
by cytochrome b-559 (Figs 1b and 2a), its haem-iron being 27.0 AÊ

apart from ChlzD2, and about 8 AÊ apart from the stromal side. For
cytochrome b-559, different functions have been discussed6, includ-
ing photoprotection by charge recombination between Q

X

B and
P680

X+ (ref. 24). Such a putative pathway could include the haem
of cytochrome b-559, ChlzD2 and ChlD2 (Fig. 3a, b).

The electron transfer between P680
X+ and the manganese cluster

(see below) is bridged by the redox-active Tyr 161 of D1 (TyrZ). The
latter could be located through a protrusion of the electron density
in the last turn at the luminal side of helix C in D1. The distance
from the manganese cluster is 7.0 AÊ (Fig. 3a). Tyr 161 of D2 (TyrD) is
found by a corresponding electron density at helix C in D2. This
position is related to that of TyrZ by the pseudo-C2 axis.

The centre-to-centre distance between the P680 chlorophyll

molecules and the manganese cluster is 18.5 AÊ (to PD1) and 25.1 AÊ

(to PD2), respectively. The cluster is located on the luminal side
(close to the membrane plane) and about 15 AÊ off the pseudo-C2
axis (Fig. 3b). The electron density of the manganese cluster is
bulged in three directions in the form of a `Y' (Fig. 4a, b).

The dimensions of the electron density contoured at the 5-s level
are 6.8 AÊ ´ 4.9 AÊ ´ 3.3 AÊ ; the long axis (Fig. 4c) is roughly parallel to
the CD helix of D1 and tilted roughly 238 against the membrane
plane (Fig. 4d). In the three bulges of the electron density, three
manganese ions were positioned to form the corners of an isosceles
triangle, and a fourth manganese ion was placed near the centre
of the triangle. The inter-atomic distances are about 3 AÊ , which is
close to values derived from spectroscopic data25. To verify that
the electron density of this cluster is due to the contribution of
manganese, anomalous diffraction data were collected with X-ray
wavelength close to the manganese edge (1.894 AÊ ). The global
maximum of an electron density calculated with these data (not
shown) ®ts well to the model shown in Fig. 4. In addition to
manganese ions, Ca2+ ions are important for water oxidation;
however, these could not be located at the present resolution.

The ®rst three-dimensional structure of a water-oxidizing PSII
complex described here shows the spatial distribution of most of the
protein subunits and cofactors involved in excitation energy trans-
fer and electron transport. It provides direct information regarding
the size, shape and location of the manganese cluster responsible for
water oxidation. The present study is an important advance and will
stimulate speci®c functional investigations to obtain new insights
into the mechanism of water oxidation by PSII.

Methods
Fully active PSII complex from the thermophilic cyanobacterium S. elongatus without the
phycobilisome antenna was puri®ed and crystallized as described5. X-ray diffraction data
were collected under cryogenic conditions (100 K) at ESRF beamlines ID2B, ID13, ID14-
EH1, ID14-EH2 (EMBL-outstation Grenoble, France), DESY beamlines X11, BW7B
(EMBL-outstation Hamburg, Germany), BW6 (MPG-GBF, Hamburg), and Elettra
beamline 5.2 (Trieste, Italy). The data were processed using DENZO26 and the CCP4
program suite27 to show a unit cell of dimensions a = 130, b = 227, c = 308 AÊ and space
group P212121. We determined phases to 4.2 AÊ resolution using multiple isomorphous
replacement and anomalous scattering (MIRAS) within the program MLPHARE27. Phase
extension from 4.2 to 3.8 AÊ using the Cd data set was achieved by two-fold non-
crystallographic averaging over the local-C2 symmetry, and solvent ¯attening within the
program DM27. We used X-ray diffraction data taken with a wavelength close to the
manganese edge (see Table 1) to calculate an anomalous difference Fourier map using
MIRAS phases. All electron density map visualization and interpretation was done using
the program O28. Figures were generated using BOBSCRIPT29 and Raster3D30. The current
model of dimeric PSII contains 2,478 Ca-positions, and two side chains of TyrZ, TyrD, 64
porphyrin molecules assigned to 64 chlorophyll a molecules, 4 pheophytins, 4 haems and 2
benzene molecules assigned to 2 plastoquinones, 8 manganese ions and 2 non-haem irons.
With these 4,342 atoms, which represent about 10% of the total of about 45,000 atoms for
the complete structural model, the crystallographic R-factor is 0.59.
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Figure 4 Location and orientation of manganese cluster. a, Close-up view of the reaction
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Table 1 Crystallographic statistics

Data collection
Data set* Native Cd Hg I Hg II Hg III Au Pt Native
Wavelength (AÊ ) 0.934² 0.934² 0.934³ 0.9072³ 0.8439§ 0.9072³ 0.8439§ 1.894k
Resolution (AÊ ) 20±4.2 20±3.8 20±4.7 20±4.5 20±5.8 20±5.7 20±4.2 20±4.8
Unique re¯ections 63,639 84,964 45,429 30,210 21,643 22,458 52,611 48,420
Redundancy 3.3 3.2 3.0 1.9 2.6 2.8 3.0 2.3
Completeness (%)¶ 98.1 (98.5) 95.4 (84.5) 95.5 (87.5) 55.0 (52.1) 80.3 (82.7) 86.7 (83.9) 81.1 (81.0) 85.0 (70.7)
Completeness of Friedel pairs (%)¶ Ð Ð 76.6 (65.8) 59.8 (53.6) 28.0 (18.7) Ð Ð 55.9 (44.8)
hI/ji¶ 12.8 (3.5)# 17.1 (3.4) 14.8 (3.2) 17.5 (2.5) 11.3 (3.5) 12.5 (5.3) 13.3 (3.8) 10.5 (5.0)
Rmerge (%)¶ 6.8 (28.8) 6.8 (41.8) 4.1 (28.8) 5.4 (30.0) 4.5 (42.1) 6.2 (26.3) 5.0 (35.6) 9.2 (20.0)

Phasing statistics
Number of heavy atom sites Ð 5 13 16 11 2 6 Ð
Rcullis (centric) Ð 0.92 (0.96) 0.85 (0.85) 0.83 (0.91) 0.70 (0.83) 0.95 (0.99) 0.96 (0.99) Ð
Phasing power# Ð 0.78/0.49 1.07/0.73 1.21/0.91 1.12/0.75 0.62/0.44 0.49/0.51 Ð
Acentric/centric Ð (0.72/0.52)¶ (1.3/0.76) (1.02/0.62) (1.08/0.68) (0.70/0.51) (0.42/0.44)

...................................................................................................................................................................................................................................................................................................................................................................

* Heavy atoms derivatives: Cd, cadmium sulphate; Hg I, ethylmercuriphosphate; Hg II, chloromercuriacetate; Hg III, p-chloromercuriphenylsulphonic acid; Au, potassium dicyanoaurate (I); Pt, potassium
tetracyanoplatinate(II).
² ID14-EH1 ESRF.
³ X11 DESY.
§ BW7B DESY.
k ID13 ESRF.
¶ The numbers in parentheses indicate the values in the highest resolution shell (taken from SCALEPACK26).
# Phasing power was calculated between 20 and 4.2 AÊ .
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.................................................................
corrections

Language trees support the
express-train sequence of
Austronesian expansion
Russell D. Gray & Fiona M. Jordan

Nature 405, 1052±1055 (2000).
..................................................................................................................................
There was an error in the geographical character-state mapping in
this paper. The authors inadvertently reported the values corre-
sponding to mapping these characters onto the tree in an unordered
manner. Correctly ordering the character-state changes according to
the `express-train' model does not change the main conclusion of
the paper: the express-train model ®ts much better than would be
expected owing to chance. The correct ®t is 18 steps, and the ®t of
the randomly assigned character states now ranges from 95 to 122
(mean 108.4, s.d. 5.1). M
.................................................................

Warm-coding de®cits and
aberrant in¯ammatory pain
in mice lacking P2X3

Veronika Souslova, Paolo Cesare, Yanning Ding, Armen N. Akoplan,
Louise Stanfa, Rie Suzuki, Katherine Carpenter,
Daniela Nebenius-Oosthuizen, Andrew J. H. Smith, Emma J. Kidd
& John N. Wood

Nature 407, 1015±1017 (2000)
..................................................................................................................................
The address of the author Emma J. Kidd was cited incorrectly.
Her af®liation should have been given as the Glaxo Institute of
Applied Pharmacology, Department of Pharmacology. University of
Cambridge, Tennis Court Road, Cambridge CB2 1QJ, UK, which
was where her work was carried out. The Welsh School of Pharmacy,
Cardiff University, Cardiff CF1 3XF, UK, which was cited as her
af®liation in this paper, is her present address. M

.................................................................
erratum

The protein±protein interaction
map of Helicobacter pylori
Jean-Christophe Rain, Luc Selig, Hilde De Reuse, VeÂronique Battaglia,
CeÂ line Reverdy, SteÂphane Simon, Gerlinde Lenzen, Fabien Petel,
JeÂroÃme Wojcik, Vincent SchaÈchter, Y. Chemama, AgneÁs Labigne
& Pierre Legrain

Nature 409, 211±215 (2001).
..................................................................................................................................
The list of interactions between Helicobacter pylori proteins that
are described and analysed in this paper are available as Supple-
mentary Information on Nature's World-Wide Web site (http://
www.nature.com) or as paper copy from the London editorial of®ce
of Nature. Proteins are named according to the nomenclature of The
Institute for Genomic Research microbial database. M
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